Tryptamine increases blood pressure by vasoconstriction, but little is known about its actions on the mesentery, in particular the resistance arteries. Tryptamine interacts with trace amine-associated receptors (TAARs) and because of its structural similarity to 5-HT, it may also interact with 5-HT receptors. Our hypothesis is therefore that the rat mesenteric arterial bed will exhibit vasopressor and vasodepressor responses to tryptamine via both 5-HT and TAARs.
Introduction
Catecholamines (noradrenaline and dopamine), 5-HT and trace amines [b-phenylethylamine (b-PEA) , tyramine, tryptamine, octopamine and synephrine] are classified as biogenic monoamines. Interest in the physiological effects of trace amines has been continuous for a century, ever since Sir Henry Dale and his colleagues (Dale and Dixon, 1909; Barger and Dale, 1910) began their pioneering investigations on amines. Subsequently, the pharmacological actions of trace amines led Burn and Rand (1958) to propose that they mediated the release of endogenous neuronal noradrenaline into the synaptic cleft, where it acted upon postsynaptic autologous receptors to mediate a response. This was defined as their indirect sympathomimetic activity (ISA). Although trace amines resemble other monoamines in terms of structure and function, important differences began to emerge in relation to their pharmacological effects (Hawthorn et al., 1985; Grandy, 2007) , radioligand binding data (Grandy, 2007 ; and references therein) and molecular investigations (Borowsky et al., 2001; Bunzow et al., 2001; Grandy, 2007) . These and other more recent investigations (Zucchi et al., 2006; Grandy, 2007; Herbert et al., 2008; Broadley et al., 2009) do not completely comply with the indirectly acting sympathomimetic thesis (Burn and Rand, 1958) in that the trace amines may interact directly with specific trace amine receptors (Bunzow et al., 2001; Broadley, 2010) .
Since the discovery of trace amine-associated receptors (TAARs) at the beginning of the last decade, there has been a resurgence of interest in their physio-pharmacological properties (Zucchi et al., 2006; Grandy, 2007) . Although TAARmediated effects of trace amines on the cardiovascular system have recently been proposed (Borowsky et al., 2001; Zucchi et al., 2006; Herbert et al., 2008; Broadley et al., 2009; Broadley, 2010) , there is a paucity of data on the reactivity of resistance arteries to trace amines. Tryptamine is an important dietary and endogenous amine produced from decarboxylation of L-tryptophan by aromatic amino acid decarboxylase (Ruddick et al., 2006) . It is structurally related to 5-HT and has been shown to cause vasoconstriction in rabbit aorta via 5-HT receptors and directly via a-adrenoceptors (Stollak and Furchgott, 1983) . The presence of specific tryptamine receptors in the rat tail arteries has been described (Hicks and Langer, 1983) . However, this notion was disputed by another group who suggested that tryptamine caused vasoconstriction solely through 5-HT 2 receptors and the differential effects of 5-HT receptor antagonists against 5-HT and tryptamine could be attributed to different susceptibilities to degradation by monoamine oxidase (MAO; Bradley et al., 1985) . To our knowledge, there are no investigations that have examined the actions of tryptamine on the rat mesenteric vascular bed.
Our hypothesis was that tryptamine can exert vascular responses in the rat mesentery through 5-HT receptors and TAARs. The first objective was to demonstrate the vascular reactivity of the rat mesenteric vascular bed to tryptamine. Secondly,we determine whether there were seasonal variations in tryptamine-induced vascular responses, and lastly, we sought to identify the receptors that mediate these responses. Preliminary results have been presented in abstract form ).
Methods

Animals
All animal care and experimental procedures complied with the Home Office Guidance on the operation of The Animals (Scientific Procedures) Act 1986 (H.M.S.O.) and were approved by the Local Animal Care and Use Committee at Cardiff University. Male Sprague-Dawley rats (250-350 g body weight; Harlan, Bicester, Oxfordshire, U.K.) were maintained in standard cages in a thermo-regulated (22 Ϯ 1°C) colony room with fixed photoperiod of 12 h light and 12 h darkness, having access to water and rodent chow ad libitum.
Mesentery preparation
Rats were killed by cervical dislocation following stunning and the superior mesenteric artery cannulated (polyethylene tubing, PP50; Portex, Kent, U.K.). The mesentery was excised, isolated and placed in a perfusion chamber, based on the method of McGregor (1965) . The bed was perfused at a constant flow rate (4 mL·min -1 ) with Krebs solution (composition in mM): NaCl 118, NaHCO3 25, glucose 11, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2 (pH 7.4), warmed to 37°C and gassed (95% O2, 5% CO2). Tissues were equilibrated for 1 h before experiments commenced. The perfusion pressure was monitored continuously throughout the duration of the experiment via a pressure transducer (Elcomatic EM 750; Elcomatic Ltd, Glasgow, UK) placed distally to the inflow cannula. Alterations in perfusion pressure, representing changes in resistance vessels of the mesentery, were displayed on a PowerLab/4SP computerized data acquisition system (AD Instruments, Charlgrove, Oxon, UK), and data were analysed using Chart version 5 software (AD Instruments).
Experimental design
Dose-response curves for tryptamine, tyramine and b-PEA were constructed after a 60 min equilibration period, by bolus injections of 100 mL (range: 0.1-1000 nmoles) into an injection port. All experiments involved exposure to no more than two dose-response curves and had a duration of no more than 3 h. Controls for time-dependent changes in sensitivity to 5-HT and tryptamine were obtained by repeating two dose-response curves in the same preparation. To examine possible indirectly acting sympathomimetic actions of tryptamine, dose-response curves were constructed first in the absence and repeated in the presence of the a1-adrenoceptor antagonist prazosin (10 nM) and the nonselective a1 and a2-adrenoceptor antagonist phentolamine (1 mM; receptor nomenclature follows Alexander et al., 2011) . The above procedure was repeated with vasoconstrictor responses to the a1-adrenoceptor agonist, phenylephrine.
Dose-response curves to tryptamine were also constructed in the absence and presence of the selective 5-HT2A receptor antagonists, ketanserin (10 nM) or ritanserin (100 pM) (Conolan et al., 1986; Van Nueten et al., 1986) . All antagonists were introduced 20 min before commencing the dose-response curves.
To examine vasodilator responses to tryptamine, tyramine and b-PEA, following a 60 min equilibrium period, the resting vascular tone was raised by continuous perfusion with phenylephrine (10 mM). Once a stable tone was established, a dose-response curve was constructed by administration of bolus doses of tryptamine, tyramine or b-PEA (0.1-1000 nmoles/100 mL) via an injection port. Between each dose the perfusion pressure was permitted to return to the pre-constricted tone. In the case of tryptamine, ritanserin (100 pM) was continuously perfused from 20 min prior to the perfusion with phenylephrine and for the duration of the experiment. Vasorelaxation to tryptamine (in the presence of ritanserin, 100 pM) was also assessed in the presence of the inhibitor of 5-HT7 receptors, SB 269970 (10 nM) (Hagan et al., 2000; Lovell et al., 2000) . Doseresponse curves for the vasodilator responses to tryptamine (in the presence of ritanserin, 100 pM), tyramine and b-PEA were examined before and repeated in the presence of Nw-nitro-L-arginine methyl ester (L-NAME) (1 mM), to inhibit nitric oxide synthase (NOS). To test for endothelial responses, prior to construction of vasodilator dose-response curves, acetylcholine (0.1 mM in 100 mL bolus) was added and only those preparations exhibiting a 50% reduction of the phenylephrine-induced vasoconstriction were used. This dose of acetylcholine was repeated at the end of the experiment to determine that L-NAME had abolished the response.
Data measurement and analysis
Vasoconstrictor responses were measured as the increase in perfusion pressure from the resting level immediately before each dose of amine and presented as the arithmetic mean Ϯ SEM. Vasodilator responses were measured as the fall in perfusion pressure and expressed as a percentage of the increase in perfusion pressure to phenylephrine. Doses were administered as nmoles in 100 mL boluses. ED50 values (concentration of the agonist in nmoles required to produce half-maximal response, EMax) were calculated from individual dose-response curves using the Fig P software program (BioSoft, Cambridge, UK). Geometric mean ED50 values (antilog of mean log of individual ED50 values) with their 95% confidence intervals were calculated. Statistical comparisons between control and drug treatment dose-response curves were made by two-way ANOVA with a Bonferroni post hoc test to compare individual doses. Student's t-test was used to compare ED50 values and EMax values. A level of P < 0.05 was considered statistically significant. n = numbers of animals.
Materials
Chemicals were purchased from Alliance Pharma (Chippenham, Wiltshire, UK) (phentolamine mesylate, Rogitine), Sigma-Aldrich Chemical Company (Poole, Dorset, UK) (acetylcholine chloride, ketanserin, L-NAME, b-PEA, phenylephrine hydrochloride, salts for Krebs solution, 5-HT hydrochloride, tryptamine hydrochloride, tyramine hydrochloride) and Tocris (Bristol, UK) {ritanserin, SB 269970 hydrochloride [(2R)-1-[(3-hydroxyphenyl)sulphonyl]-2-[2-(4methyl-1-piperidinyl)ethyl]pyrrolidine hydrochloride] and prazosin hydrochloride}. Stock solutions of prazosin and ritanserin were made in 100% ethanol, aliquoted, and stored in a freezer. Subsequent dilutions in Krebs solution were freshly prepared before each experiment. The remaining drugs were dissolved in the perfusion fluid, and all of these drugs were made up on the day of the experiment.
Results
Baseline perfusion pressure
The baseline perfusion pressure for the rat isolated perfused mesenteric bed was 20.1 Ϯ 0.4 mmHg (n = 110). There were no differences between the baseline perfusion pressures prior to the first and second dose-response curves, including those in the presence of inhibitors.
Agonists
Tryptamine produced dose-dependent vasoconstriction of the mesenteric arterial bed, reflected by elevations in perfusion pressure ( Figures 1A and 2) . The a-adrenoceptor agonist, phenylephrine, was a more potent vasoconstrictor and produced a significantly greater maximum effect, with an Emax of 138 Ϯ 12 mmHg and ED50 of 17.2 nmoles (8.6-34.4). In contrast, a bell-shaped dose-response curve to 5-HT was obtained ( Figures 1B and 2 ). The order of maximum response (EMax, mmHg) was phenylephrine (138 Ϯ 12) >5-HT (43 Ϯ 14) @ tryptamine (37 Ϯ 8), but the potency (ED50, nmoles) sequence was as follows: 5-HT (2.5 [1.3-4.8]) >tryptamine (31.9 [18.6-
Figure 1
Representative tracings of the response to tryptamine (A) and 5-HT (B) in the isolated perfused mesenteric arterial bed of the rat. Doses shown are the bolus dose in nmoles. 54.7) @ phenylephrine (17.2 [8.6-34.4]) ( Figure 2 ). For comparison, b-PEA and tyramine were without effect in the rat mesentery ( Figure 2 ).
No seasonal variations in tryptamine-evoked maximum perfusion pressure responses in the rat mesentery were found over a 2 year period. The mean maximum increases in perfusion pressure for the summer (June to August, 31.0 Ϯ 3.2, n = 33), autumn (September to November, 25.2 Ϯ 1.5, n = 28), winter (December to February, 28.9 Ϯ 3.3, n = 16) and spring (March to May, 24.8 Ϯ 2.8, n = 33) were not significantly different.
When two consecutive dose-response curves for tryptamine were constructed, the first and second curves were identical [ED50 first curve: 31 nmoles (20-47); second curve: 47 nmoles (34-64). EMax first curve: 24 Ϯ 5 mmHg; second curve: 26 Ϯ 7 mmHg; Figure 3A ]. In contrast, the peak of the bell-shaped dose-response curve for 5-HT (43 Ϯ 14 mmHg) was significantly depressed (P < 0.05) in the second curve to 25 Ϯ 10 mmHg ( Figure 3B ). The two curves for 5-HT, however, were identical in terms of sensitivity [ED50 first curve: 5 nmoles (3-9); second curve: 6 nmoles (3-16); Figure 3B ].
Effects of antagonists
The vasoconstriction induced by phenylephrine in rat mesentery was antagonized by prazosin with a significant reduction of the response to the maximum dose ( Figure 4C ) and by phentolamine with a significant reduction of the response to the maximum dose from 110 Ϯ 36 to 13 Ϯ 4 mmHg (P < 0.001) ( Figure 4D ). However, the vasoconstrictor response to tryptamine was resistant to blockade by prazosin [ED50 before 37 nmoles (26-51); with prazosin 44 nmoles (27-70), NS; EMax before 15 Ϯ 7 mmHg; with prazosin 18 Ϯ 11 mmHg, NS; Figure 4A ]. Phentolamine, however, reduced the vasoconstrictor responses of the perfused mesentery to tryptamine. The curve was shifted to the right, the ED50 increasing significantly (P < 0.05) from 39 (23-66) to 80 nmoles (58-110) and the EMax being decreased (P < 0.05) ( Figure 4B ). These changes, however, were not as marked as for the inhibition of phenylephrine, the reduction of the maximum for tryptamine ( Figure 4B ) was significantly less than for phenylephrine ( Figure 4D ).
In the presence of the 5-HT2A receptor antagonists, ketanserin (10 nM) ( Figure 5A ) or ritanserin (100 pM) ( Figure 5B ), the tryptamine-induced vasoconstriction was abolished.
Vasodilator response to tryptamine, 5-HT, tyramine and b-PEA
To examine vasodilator responses of the mesenteric vasculature, vascular tone was raised by 52 Ϯ 8 mmHg by perfusion with phenylephrine (10 mM). In the presence of ritanserin (100 pM) and preconstriction with phenylephrine (10 mM), low doses of tryptamine (0.01-10 nmoles) caused small further increases in perfusion pressure, whereas at higher doses of tryptamine (25-1000 nmoles), a prominent vasodilator effect was generated ( Figures 6A and 7) . The maximum
Figure 2
Mean dose-response curves for the increases in perfusion pressure of rat-isolated perfused mesenteric vascular beds to tryptamine (n = 6), phenylephrine (n = 6), 5-HT (n = 6), tyramine (n = 7) and b-PEA (n = 4). Results are expressed as mean Ϯ SEM.
Figure 3
Mean first (curve 1, solid symbol) and second (curve 2, open symbol) dose-response curves for the increases on perfusion pressure of rat isolated perfused mesenteric vascular beds to tryptamine (A; n = 6) and 5-HT (B; n = 5). Points are means Ϯ SEM. *P < 0.05, significantly different from curve 2; ANOVA followed by Bonferroni post-test.
relaxation reached was 71 Ϯ 6% of the phenylephrineinduced vasoconstriction. When the mesentery was perfused with both ritanserin and the 5-HT7 receptor antagonist, SB269970 (10 nM), a similar relaxation response to tryptamine was produced, with a maximum of 56 Ϯ 14% (Figure 7) . 5-HT in preconstricted mesenteric beds and in the presence of ritanserin also caused vasoconstriction at lower doses but vasodilatation at higher doses ( Figure 6B ) and these responses were not modified by the additional presence of SB269970 ( Figure 6C ).
Tyramine and b-PEA in mesenteric vascular beds preconstricted with phenylephrine also caused vasodilator responses and these responses, like those to tryptamine in the presence of ritanserin, were reproducible when repeated in a second dose-response curve (Figure 8 ). Octopamine produced vasodilator responses at high concentrations. The dose-response curves for four amines are compared in Figure 9 . The potency orders for the vasodilator responses to these amines (tryptamine in the presence of ritanserin) was tyramine > b-PEA > tryptamine > octopamine, with their ED 50 values shown in Table 1 . To enable comparisons with EC50 values in the literature, these were converted to an approximate final concentration in the tissue, assuming that each bolus dose was distributed into 1 mL of perfusion fluid at the tissue. Thus, 1 nmole @ 1 mM and the corresponding geometric mean EC50 values (-LogM) are shown in Table 1 .
In preconstricted mesenteric beds, the vasodilator responses to tyramine ( Figure 8A ) and b-PEA ( Figure 8B) were abolished by L-NAME (1 mM), as were those to tryptamine in the presence of ritanserin ( Figure 8C) The fall in perfusion pressure in response to acetylcholine (0.1 mM) was virtually abolished in the presence of L-NAME (1 mM), being reduced
Figure 4
Effects of prazosin (A and C, 10 nM) and phentolamine (B and D, 1 mM) on the dose-response curves for increases in perfusion pressure of rat-isolated perfused mesenteric vascular beds to tryptamine (A; n = 4 and B; n = 3) and phenylephrine (C; n = 3 and D; n = 3). Points are means Ϯ SEM. ** P < 0.01 *** P < 0.001, significant effect of antagonist; ANOVA and Bonferroni post-test. from a 78 Ϯ 10% inhibition of the phenylephrine vasoconstriction to only 7.6 Ϯ 3.6% inhibition.
Discussion
Tryptamine produced dose-dependent vasoconstriction of the rat mesenteric vascular bed comparable with the responses induced by 5-HT. These responses were inhibited by the 5-HT2A receptor antagonists, ritanserin and ketanserin. In mesenteric vessels preconstricted with phenylephrine and in the presence of ritanserin, a prominent vasodilator response to tryptamine was revealed.
5-HT-evoked vascular responses
5-HT mediates a broad spectrum of physio-pharmacological effects by activating a large family of receptors that are distributed throughout the body, including the cardiovascular, central nervous, renal and gastrointestinal systems (Martin, 1994; Hoyer et al., 2002) . The 5-HT receptors are classified into seven distinct families based on functional, structural and signalling information, with at least 14 different subtypes, including 5-HT1 (5-HT1A/1B/1D/1E/1F), 5-HT2 (5-HT2A/2B/2C), 5-HT3, 5-HT4, 5-HT5 (5-HT5A/5B), 5-HT6 and 5-HT7 receptors. Apart from the 5-HT3 receptor which is a ligand-gated ion
Figure 5
Effects of ketanserin (A, 10 nM, n = 4) and ritanserin (B, 100 pM, n = 4) on the dose-response curves for increases in perfusion pressure of rat-isolated perfused mesenteric vascular beds to tryptamine. Curves were obtained in the absence and presence of antagonists (ᮀ). Each point represents the mean Ϯ SEM. * P < 0.05 ** P < 0.01, significant effects of antagonists; ANOVA followed by Bonferroni post-test.
Figure 6
Representative tracings for dose-response curves for tryptamine (A) and 5-HT (B and C) in rat isolated perfused mesenteric arteries. (A) Biphasic profile for tryptamine (0.01-1000 nmoles) in the presence of ritanserin (100 pM). (B) Biphasic response profile for 5-HT (0.01-1000 nmoles) in the presence of ritanserin (100 pM) alone and (C) in the presence of ritanserin (100 pM) and SB269970 (10 nM). The tissues were submaximally pre-constricted with 10 mM phenylephrine and continuously perfused for the duration of the experiment. Doses are the bolus dose in nmoles.
channel, all the others belong to the G-protein-coupled receptor superfamily. The 5-HT receptors mediating changes in vascular tone are the 5-HT1, 5-HT2 and 5-HT7 subtypes (Martin, 1994; Hoyer et al., 2002; Watts, 2002) . 5-HT-induced predominantly vasoconstrictor effects on the rat mesentery, the dose-response curves being bellshaped or biphasic, which agrees with an earlier report (McLennan and Taylor, 1984) . The vasoconstriction to 5-HT in the rat mesenteric arteries is inhibited by ketanserin and therefore due principally to 5-HT2A receptors (McLennan and Taylor, 1984; Watts, 2002) . Moreover, agonists for 5-HT1B, 5-HT1D, 5-HT1F, and 5-HT2B receptors were unable to cause vasoconstriction of the thoracic aorta, superior mesenteric artery and resistance arteries from Sprague-Dawley rats (Watts, 2002) . On repeating two dose-response curves for 5-HT in the same tissue, the EMax value was substantially reduced on the second curve. This may be explained by desensitization of 5-HT2A receptors. Several mechanisms are known to operate in desensitization of 5-HT2A receptors, including phosphorylation, arrestin binding and receptor internalization (Rahman and Neuman, 1993; Gray et al., 2003; Van Oekelen et al., 2003) . No such desensitization was evident for the tryptamine-induced vasoconstriction, which suggests that tryptamine is not operating in the same way as 5-HT. The blockade of the vasoconstrictor responses of the mesentery to 5-HT by ritanserin confirms that it is via 5-HT2A receptors.
Tryptamine-induced vasoconstrictor responses
b-PEA and tyramine have been described as sympathomimetic amines that release noradrenaline from sympathetic neurons to exert effects such as vasoconstriction and
Figure 7
Mean dose-response curves for the falls in perfusion pressure of rat isolated perfused mesenteric vascular beds to tryptamine in tissues pre-constricted with 10 mM phenylephrine. Falls in perfusion pressure are shown as negative values, expressed as a percentage of the increase in perfusion pressure to phenylephrine. Dose-response curves were obtained in the presence of ritanserin (5-HT2A antagonist; 100 pM, n = 4,) and with both ritanserin (100 pM) and SB269970 (5-HT7 antagonist; 10 nM, n = 3), Each point represents the mean Ϯ SEM.
Figure 8
Effects of L-NAME (1 mM) on mean dose-response curves for the falls in perfusion pressure of rat isolated perfused mesenteric vascular beds in response to (A) tyramine, (B) b-PEA and (C). tryptamine. Tryptamine was examined in the continuous presence of ritanserin (100 pM). The perfusion pressure was raised by pre-constriction with phenylephrine (10 mM), which was continuously perfused for the duration of the experiment. Falls in perfusion pressure are shown as negative values, expressed as a percentage of the increase in perfusion pressure to phenylephrine. In control experiments, first (curve 1) and second (curve 2) dose-response curves for tyramine (A, n = 4), b-PEA (B, n = 6) and tryptamine (C, n = 4) were repeated to establish reproducibility. In separate experiments, dose-response curves for tyramine (A, n = 4), b-PEA (B, n = 5) and tryptamine in the presence of ritanserin (100 pM) (C, n = 4) were obtained in the absence and presence of L-NAME (1 mM). **P < 0.01 ***P < 0.001, significant effect of L-NAME; ANOVA followed byBonferroni post-test.
increases in blood pressure (Trendelenburg, 1972) . It has also been implied that tryptamine is an indirect sympathomimetic amine as it is also a trace amine (Zucchi et al., 2006) . However, the contraction of the rabbit aorta by tryptamine was shown to be due to a direct stimulation of both a-adrenoceptors and 5-HT receptors and not an indirect effect (Stollak and Furchgott, 1983) . The rat mesentery is heavily innervated with adrenergic neurones (Nyborg et al., 1986) and therefore an indirect sympathomimetic action should be possible. Moreover, aand b-adrenoceptors are known to be present in the rat mesenteric arteries (Masuzawa et al., 1989; Bockman et al., 1996) and vasoconstriction occurred in this study with the a-adrenoceptor agonist, phenylephrine. The lack of vasoconstrictor responses of the mesentery to b-PEA and tyramine in the current investigation was therefore surprising. In contrast to our experiments, vasoconstriction to tyramine has been reported in the rat perfused mesentery (Elliott et al., 1989) . The discrepancy between the two reports may be accounted for by differences in delivery of the drug and the strain of rats (Sprague-Dawley vs. Wistar). Tyramine and b-PEA have been shown to exert vasoconstrictor responses in other blood vessels including the rat aorta (Fehler et al., 2010) and porcine coronary artery (Herbert et al., 2008) . Therefore, the mesentery may show a different response profile to other vessels.
Tryptamine, however, displayed substantial vasoconstrictor responses. There was no seasonal variation in this response, and indeed such differences would not be expected in animals housed under conditions of constant temperature, light/dark cycle and diet. As a result, responses could be compared throughout the year. Tryptamine produced vasoconstrictor responses in the mM range. This assumes that the threshold dose of 1 nmole reaches the tissue in a volume of 1 mL, yielding a concentration of 1 mM. Concentrations of tryptamine in the low nano-molar range have been found in blood and urine of human and other species; with brain concentrations being higher compared with the corresponding blood samples (Franzen and Gross, 1965; Sloan et al., 1975) . These levels are a consequence of high turnover rates through metabolism via semi-carbazide sensitive amine oxidase (Kaitaniemi et al., 2009) and the intracellular MAO A and B (Sullivan et al., 1986) . Tryptamine is obtained in the diet (Broadley, 2010) and levels can rise after tryptamine-rich foods, after inhibition of MAO or in disease states associated with low MAO activity such as schizophrenia (Sullivan et al., 1980) . It is therefore possible that under these conditions tryptamine could induce vascular responses in vivo.
The vasoconstrictor responses to tryptamine observed in the present study concurs with a previous investigation in rat isolated mesenteric arteries (Watts et al., 1994) , as opposed to the perfused vascular bed used here. Rat caudal arteries (Hicks and Langer, 1983; Bradley et al., 1985) , rabbit aorta (Stollak and Furchgott, 1983) and rat aorta (Fehler et al., 2010) have
Figure 9
Comparison of the dose-response curves for the falls in perfusion pressure of rat isolated perfused mesenteric vascular beds in response to tyramine (n = 4), b-PEA (n = 8), tryptamine in the presence of ritanserin (100 pM) (n = 7) and octopamine (n = 4). The perfusion pressure was raised by pre-constriction with phenylephrine (10 mM), which was continuously perfused for the duration of the experiment. Falls in perfusion pressure are shown as negative values, expressed as a percentage of the increase in perfusion pressure to phenylephrine. Each point represents the mean Ϯ SEM.
Table 1
Potency orders of trace amines for the vasodilator responses of rat mesenteric vascular beds compared with published values for cAMP accumulation in rat TAAR-1 transfected cells, constriction of rat aorta and negative inotropy of rat isolated hearts also been shown to elicit vasoconstrictor responses to tryptamine. In dogs, tryptamine causes increases in blood pressure and hindlimb perfusion pressure which are enhanced by inhibition of MAO (Eble, 1965) . Hicks and Langer (1983) implicated specific tryptaminergic receptors in the responses of rat-isolated perfused tail arteries, although this was contested by Bradley et al. (1985) who concluded that the response was mediated by the same receptor that mediated vasoconstriction to 5-HT. Stollak and Furchgott (1983) also concluded that vasoconstriction of rabbit aorta was mediated via both a-adrenoceptors and 5-HT receptors.
In contrast, a vasoconstriction of rat aorta that is resistant to blockade by 5-HT and a-adrenoceptor antagonists has been attributed to stimulation of TAARs Fehler et al., 2010) . Trace amines such as tryptamine, are conventionally considered to be indirectly acting sympathomimetics, exerting their pharmacological responses via sympathetic nerves to release noradrenaline, which interacts with a1-adrenoceptors to induce vasoconstriction. Noradrenaline also induces vasodilator effects through post-synaptic a2- (Bockman et al., 1996) , b-adrenoceptors (Masuzawa et al., 1989) and dopamine D1 receptors (Van der Graaf et al., 1995) . 5-HT can also act indirectly via presynaptic 5-HT receptors to facilitate the neuronal release of noradrenaline from goat pial arteries (Marin and Sanchez, 1980) and rat mesenteric arteries (Su and Uruno, 1984) . Hence, it is feasible that tryptamine, like other trace amines and 5-HT, may also interact with sympathetic neurons to secrete noradrenaline, which may initiate vascular responses. This, however, appears to be unlikely because the vasoconstrictor response to tryptamine was unaltered upon treatment of the mesentery with the a1-adrenoceptor antagonist, prazosin. Nevertheless, phentolamine, a non-selective a1and a2-adrenoceptor antagonists decreased the maximum response to tryptamine. This was probably because phentolamine is known to bind to 5-HT receptors (Parsons et al., 1989; Hoffman and Lefkowitz, 1990 ), suggesting that 5-HT receptors mediate the vasoconstriction by tryptamine. Indeed, the 5-HT2A receptor antagonists, ritanserin and ketanserin (Conolan et al., 1986; Van Nueten et al., 1986) , abolished the tryptamine-induced vasoconstrictor responses of the mesenteric arterial bed. That tryptamine should have affinity for 5-HT2A receptors, is not surprising because it is a structural congener of 5-HT. It has an affinity (-log molar EC50) of 6.59 Ϯ 0.05 at human 5-HT2A receptors expressed in CHO-K1 cells compared with 7.51 Ϯ 0.06 for 5-HT (Porter et al., 1999) .
Vasodilator responses
When the perfusion pressure was raised by perfusion with the a-adrenoceptor agonist, phenylephrine and 5-HT2A receptors were inhibited with ritanserin, a small vasoconstrictor response remained, but at higher concentrations a vasodilator response to 5-HT was revealed. A relaxant action by 5-HT has been reported previously in rat-isolated perfused mesentery after ketanserin treatment (McLennan and Taylor, 1984) . Clearly, this response is not mediated via 5-HT2A receptors as it occurred in the presence of ritanserin. 5-HT7 receptors have been shown to mediate vasodilatation in vivo (Martin and Humphrey, 1994) and in different vascular regions of various species, including dog (Cushing et al., 1996; Terrón and Falcón-Neri, 1999) , rabbit (Morecroft and MacLean, 1998) , pig (Ishine et al., 2000) , monkey (Leung et al., 1996) and neonatal porcine vena cava (Trevethick et al., 1986) . In common with 5-HT 4 and 5-HT6 receptors, the 5-HT7 receptor subtype is positively coupled to adenylate cyclase through the G protein GS, leading to increased levels of cAMP (Hoyer et al., 2002) . However, in the present study, the selective 5-HT7 receptor antagonist, SB26997, failed to modify the vasodilator response to 5-HT, suggesting that, in this vasculature and species, 5-HT7 receptors were not involved. The concentration of SB26997 (10 nM) should have been sufficient to block 5-HT7 receptor-mediated responses (Hagan et al., 2000) . When tryptamine was examined in the presence of ritanserin in mesenteric vascular beds with perfusion pressure raised by phenylephrine infusion, there was also a marked vasodilator response. In common with 5-HT, this vasodilator response to tryptamine was also not inhibited by the selective 5-HT7 antagonist, SB26997 and therefore did not appear to be mediated via 5-HT7 receptors. A past study of the neonatal porcine isolated vena cava pre-contracted with the thromboxane mimetic, U46619, has also revealed relaxation responses induced by 5-HT, tryptamine, a-methyl-5-HT and 2-methyl-5-HT. This effect was also shown to be independent of 5-HT1A, 5-HT1B, 5-HT1C, 5-HT1D, 5-HT1-like (now regarded as the 5-HT7 receptor, Hoyer et al., 2002) , 5-HT2, 5-HT3 and 5-HT4 receptors (Sumner, 1991) . This response was functionally linked to NO formation by the endothelium.
We therefore examined the role of NO in the vasodilator response to tryptamine in the presence of ritanserin by use of the NOS inhibitor, L-NAME. The presence of an intact endothelium in our preparations and the effectiveness of the concentration of L-NAME, were demonstrated by abolition of the vasodilator responses to acetylcholine. We also compared tryptamine with tyramine and b-PEA, which had failed to exert vascular responses in unconstricted preparations. In agreement with our earlier studies , when the perfusion pressure was raised, these trace amines exerted vasodilator responses similar to tryptamine. The vasodilator responses to tryptamine, tyramine and b-PEA were all abolished by L-NAME indicating that they were mediated through the release of NO, probably from the endothelium. Thus, the vasodilator responses to these trace amines were similar to those of 5-HT in the presence of ritanserin reported by Sumner (1991) . Because the vasodilatation by tryptamine was not blocked by the 5-HT2A and 5-HT7 receptor antagonists, the question arises as to what receptor mediates this response. The most likely candidate is a TAAR (Sotnikova et al., 2009) because tryptamine, as well as tyramine, b-PEA and octopamine, have affinity for rat TA1 receptors transfected into HEK293 cells (Bunzow et al., 2001; Lindemann et al., 2005) . The molar EC50 values were approximated from the ED50 values for comparison with published values. It is recognized that these are only approximations based on the volume of distribution of bolus doses. There will also be the uncertainty about metabolism by MAO, which may vary between the different amines and which was not prevented by use of a MAO inhibitor. Nevertheless, the approximated molar EC50 values yielded a potency order of tyramine > b-PEA > tryptamine > octopamine (Table 1) . This compares with the published potency orders for the generation of cAMP in cell lines expressing rat TA1 receptors (Bunzow et al., 2001) . However, the potencies are several orders of magnitude lower than for the transfected cells (Table 1) . This difference cannot be accounted for by metabolism through MAO, because inclusion of a MAO inhibitor, tranylcypromine, in preliminary experiments had only minimal potentiating effects on the vasoconstrictor effects of lower doses of tryptamine. The potencies are, however, of the same magnitude as those obtained for other functional responses in rat isolated tissues including the contractions of rat aorta (Fehler et al., 2010) and negative inotropy of rat isolated hearts (Frascarelli et al., 2008) . There were, however, differences in the potency orders, with tyramine showing partial activity in rat aorta and the weakest activity in the heart. The reasons for the discrepancies between functional responses of native receptors and those of transfected cells is probably because the cloned receptors are overexpressed and forced to couple with adenylyl cyclase so that their stimulation increases cAMP levels. This is unlikely to be the coupling pathway for the vasodilator response of the mesenteric bed, which we have shown is via NO release. Overexpression of the receptors will considerably magnify the transduction pathways for the responses and account for the greater apparent affinities in the transfected cells. The identical potency order to the cells transfected with TAAR-1, however, supports a role for these receptors in the vasodilator response of the mesenteric bed. Finally, the affinities of tryptamine (1.22 Ϯ 0.7 mM) and 5-HT (5.24 Ϯ 2.61 mM) are similar for rat transfected TAAR-1 (Lindemann et al., 2005) . This suggests that in rats at least, 5-HT might also cause vasodilatation of the mesenteric bed through TAARs, which might explain its resistance to 5-HT receptor antagonists (Sumner, 1991) .
The concentrations of tryptamine needed to induce vasodilator responses were in the high micromolar range. Whether endogenous tryptamine reaches these concentration is not known. However, as discussed earlier for the vasoconstriction, it is possible that local concentrations in the mesenteric circulation can achieve these levels after meals rich in tryptamine before enzymatic breakdown by MAO can occur.
In conclusion, tryptamine induced vasoconstriction of the rat mesenteric bed whereas tyramine and b-PEA were without effect unless perfusion pressure was raised, when they and octopamine caused vasodilator responses. In the presence of ritanserin to block 5-HT 2A receptors, tryptamine caused a similar vasodilator response to tyramine and b-PEA, which was mediated via release of NO. It is suggested that the vasodilatation by these trace amines and by 5-HT was due to activation of TAARs.
